The induction of strong cell-mediated immunity against targeted cancer cells is difficult, and often requires specific vaccination schema and the appropriate adjuvants to be effective. The chemokine RANTES has been studied as a vaccine adjuvant in cancer therapy, but specific applications remain to be determined. For gene-based vaccination against B16 melanoma in C57BL/6JNarl mice, initial priming with mouse RANTES cDNA followed 24 h later by human gp100 DNA vaccination, and later boosting with a viral vector expressing mRANTES and hgp100 strongly suppressed B16/hgp100 primary tumors and lung metastasis. The inclusion of mRANTES in this vaccination regimen gave significantly better suppression of tumor growth, substantially enhanced mouse survival, and led to greater cytotoxic activity of splenocytes against B16/hgp100 cells than vaccination against hgp100 alone. B16/hgp100 melanoma cells were resistant to the ligands TRAIL and FasL in vitro but sensitized to them in vivo owing to the priming effect of cytokines in response to vaccination. Our data demonstrate that co-vaccination with chemokine (mRANTES) and tumorspecific (hgp100) genes in a specific time sequence is more effective at suppressing tumor growth and metastasis than hgp100 alone, and this effect may be mediated by sensitization of tumor cells to death ligands.
Introduction
A major strategy for cancer vaccines is to raise a cytotoxic immune response, in which host antitumor cytotoxic T lymphocytes (CTLs) and/or natural killer (NK) cells mediate tumor rejection and/or regression. Processing and presentation of tumor-associated antigens (TAAs) is required for potent priming and activation of antitumor CTLs in the context of appropriate major histocompatibility complex class I molecules by antigen-presenting cells such as dendritic cells (DCs). 1 Melanoma is one of the few cancers for which multiple TAAs capable of eliciting a specific cellular immune response have been identified, including human gp100 (hgp100), MART-1/ Melan-A, tyrosinase, and tyrosinase-related protein, [2] [3] [4] which are nonmutated self-differentiation antigens associated with melanin synthesis in normal melanocytes. Of these, hgp100 is a promising target antigen. Immunization with hgp100-expressing viral vectors overcame selftolerance to mouse gp100 in C57BL/6 mice because the approach could induce hgp100-specific and murine B16 melanoma-cross-reactive T-cell responses. [5] [6] [7] Furthermore, a number of cytokines (interleukin (IL)-2, -12, -15, -18, -21, and -24) have been tested as adjuvants in combination with DNA vaccines, with varying degrees of enhanced antitumor immunity. 8, 9 We earlier reported that granulocyte macrophage colony-stimulating factor (GM-CSF) DNA enhanced antitumor immunity induced by hgp100 DNA vaccination in a mouse melanoma model. 10 However, in general, such adjuvant cytokines have not been shown to confer significant and consistent enhancement of antigen-specific cell-mediated immunity with DNA vaccine approaches, and the ability of tumors to escape the immune system has been a major obstacle to the development of effective tumor immunotherapy.
Chemokines are chemo-attractant cytokines that regulate the trafficking and activation of leukocytes, especially DCs and B and T cells, thereby promoting effective innate and adaptive immune responses. [11] [12] [13] One of the most studied is RANTES (CCL5), a member of the CC family, which induces leukocyte migration by binding to specific receptors CCR1, CCR3, CCR4, and CCR5. It acts on a range of cell types, including basophils, eosinophils, T cells, NK cells, DCs, and mast cells.
14 RANTES also has a key function in antitumor 15, 16 and antiviral 17 immune responses, along with perforin and granzyme A. 17, 18 Even though many researchers have reported the potential of RANTES as a vaccine adjuvant, an optimized and clinically relevant protocol remains to be determined.
Considering the above concerns, we consider that the sequence of vaccination is critically important to induce strong and long-lasting cell-mediated immunity. DNA vaccines have been shown to prime efficiently but often cannot boost a very strong CD8
+ response in addition to the CD4 + T-cell response. Heterologous prime-boost immunization strategies such as modified vaccinia virus ankara (MVA) boosting induce higher levels of effector T-cell responses in vaccinated animals and humans than homologous boosting with the same vaccine. 19, 20 With regard to the molecular mechanisms of the CTL function, death-receptor ligands such as tumor-necrosis factor-a (TNF-a), Fas ligand (FasL), and TNF-related apoptosis inducing ligand (TRAIL) may be mediators of cytotoxic activity. 21 We earlier reported that TRAIL acts as a tumor suppressor molecule in vivo by inducing apoptotic death of tumor cells. 22 , 23 We also showed that inactivation and neutralization of perforin, FasL, and TRAIL completely inhibited NK cell cytotoxicity against mouse fibrosarcoma L929 target cells. 24 In this study, we tested whether the delivery of RANTES as an adjuvant before hgp100 antigen vaccination could attract immune cells to the skin vaccination site to greatly enhance the effect of hgp100 vaccination against melanoma. To further augment the antitumor immune responses, we also adopted a heterologous prime-boost regimen (that is MVA boost). We also show that this combinational therapy approach can enhance the antitumor cytolytic activity of the vaccine-induced effector T cells and that this signaling is mediated by TRAIL and FasL.
Results

Human gp100 transgene expression in vitro and in vivo
To study the effect of a hgp100 gene-based vaccine in mice, we cloned the hgp100 cDNA into a mammalian expression vector and analyzed its transgenic expression in B16/hgp100 melanocytic tumor cells (in vitro) and mouse skin (in vivo) at 24 and 48 h by RT-PCR to confirm the transcriptional expression of hgp100 (Figure 1a ). Expressed hgp100 mRNA was found in stably transfected B16/hgp100 tumor cells and transfected mouse skin 24 and 48 h after gene gun bombardment, and no hgp100 mRNA was found in empty vector-transfected skin tissue.
Transgenic mRANTES facilitates the migration of immune cell subsets in vitro
Functional expression of mRANTES transgene after transfection of HEK 293 cells with mRANTES cDNA expression plasmid was determined by ELISA for mRANTES protein in the culture supernatant 48 h after transfection (95% CI ¼ 131.4-143.9 ng ml À1 ; Po0.0001; Figure 1b ). Immature but not mature DCs showed significant migration activity (95% CI ¼ 93.14-113.3; Po0.0001; Figure 1c ). CD4 + T cells, and to a lesser extent CD8 + T cells, also exhibited significant migration (95% CI ¼ 29.35-48.25; Po0.0001).
Effect of mRANTES and hgp100 vaccination on tumor growth and survival in mice
In the subcutaneous tumor model, B16/hgp100 tumors grew significantly more slowly in mRANTES-and hgp100-immunized mice than in empty vector-treated mice (Figure 2a) . Tumors in the mRANTES(0 h)+ Figure 1 Transgene expression of hgp100 and mRANTES cDNA vectors in vitro and in vivo. (a) The abdominal skin tissue of C57BL/6 mice was bombarded with 3 mg of hgp100 plasmid DNA; skin samples were removed at specific time intervals, and total RNA was extracted for RT-PCR. Lane 1, RNA from B16/hgp100 cells stably transfected with hgp100; lanes 2 and 3, RNA from skin transfected with hgp100 cDNA at 24 and 48 h post bombardment, respectively; lane 4, RNA from skin transfected with empty vector; lane 5, negative control sample (without RNA). The housekeeping gene GAPDH was used as an internal control. (b) HEK293 cells were transfected with mRANTES cDNA expression plasmid. Functional expression of mRANTES was determined by ELISA. Experiments were performed three times in triplicate. Data are means with upper 95% confidence intervals. **Po0.0001. (c) Migration of subsets of mouse DCs and T cells in response to mRANTES culture supernatant of mRANTES-or mock-transfected HEK293 cells was assessed by chemotaxis assay. Three independent experiments were performed, and at least five microscopic fields per experiment were examined. Data are means with upper 95% confidence intervals. **Po0.0001. Survival time of the vaccinated mice was significantly longer than control, especially with mRAN-TES(0 h)+hgp100(24 h) treatment, which showed 75% survival 60 days after tumor challenge, whereas mice treated with empty vector died within 28 days after tumor challenge. Mice with the highest survival rate, with mRANTES(0 h)+hgp100(24 h) treatment, showed regression of tumor (hazard ratio (HR) ¼ 7.0, 95% CI ¼ 1.155-19.43; P ¼ 0.03) than with mRANTES (0 h)+hgp100(12 h) treatment, as shown by KaplanMeier survival analyses and log-rank tests (Figure 2b) .
Lung metastasis of B16/hgp100 melanoma cells was significantly reduced by this heterologous primeboost strategy (Figure 2c ). Treatment with mRAN-TES(0 h)+hgp100(24 h) produced a significantly lower number of tumor metastases (P ¼ 0.004) than with hgp100 alone.
Involvement of specific immune cell subsets in vaccine efficiency
During immunization and tumor challenge, mice were injected intraperitoneally with either anti-CD4, -CD8, or -NK1.1 mAb to deplete the respective cell class. NK cells and CD8 + T cells are apparently required for the observed protective activity (Figure 3 ). On the other hand, the survival rate was 10 days higher in CD4 + -depleted mice compared with both the CD8 + T cell and NK cell-depleted mice. Depletion of CD8 + and NK cells from tumor bearing mice completely blocked the protective effect of mRANTES(0 h)+hgp100(24 h) genebased vaccination. These results indicate that hgp100-specific CD8 + CTLs and NK cells are critical for inhibition of tumor growth, and that CD4 + T cells can contribute to priming and activation of antitumor immunity.
Immune responses induced by mRANTES+hgp100 gene vaccination
To characterize the immune response induced by mRANTES+hgp100 gene vaccination, we isolated splenocytes from immunized mice after the second boosting and examined production of cytokines and CTL activity in response to B16/hgp100 melanoma cells. Enzymelinked immunospot (ELISPOT) assay showed much higher numbers of IFN-g-secreting cells with mRAN-TES(0 h)+hgp100(24 h) treatment (95% CI ¼ 107-170; P ¼ 0.0003) than with hgp100 cDNA alone on stimulation with mitomycin C (MMC)-inactivated B16/hgp100 cells in vitro (Figure 4a ). There was no significant difference in the secretion of IFN-g from nonstimulated splenocytes between vaccinated and nonvaccinated groups (data not shown).
We next tested the cytolytic activity of splenocytes toward B16/hgp100 melanoma cells. Splenocytes from mice treated with the mRANTES transgene delivered before hgp100 cDNA transfection had significantly greater capacity to kill B16/hgp100 cells (% lysis) than those from mice treated with hgp100 alone at a 100:1 ratio of effector:target cells (95% CI ¼ 23.8-32%; Po0.0001 for mRANTES(0 h)+hgp100(24 h); Figure 4b ). As well, mRANTES(0 h)+hgp100 (24 h ) and mRANTES(0 h)+ hgp100(12 h) treatment resulted in a higher splenocyte Figure 2 Protective immunity induced by vaccination with mRANTES and hgp100 cDNA vectors at specific times in primary tumor and metastasis models. (a) Primary tumor model. Vaccination protocols are described in 'Materials and methods'. Volumes of B16/hgp100 tumors derived from mice vaccinated with mRANTES and hgp100 vector and control mice were measured at the indicated times in a blinded manner. Data are means with upper 95% confidence intervals (n ¼ 8 mice per group). P ¼ 0.002, mRANTES(0 h)+hgp100(24 h) group compared with mRAN-TES(0 h)+hgp100(12 h) group at 40 days after tumor challenge. (b) Survival was observed after challenge with B16/hgp100 tumor cells (i.e. day 0 on graph). Po0.03, log-rank test of Kaplan-Meier curves, mRANTES(0 h)+hgp100(24 h) group compared with mRANTES(0 h)+hgp100(12 h) group at 60 days after tumor challenge. (c) Metastasis model. C57BL/6 mice were divided into eight experimental groups (n ¼ 8 each), injected intravenously with B16/ hgp100 cells (10 5 cells/100 ml/mouse) on day 0 and with test vaccine/adjuvant sets as described in 'Materials and methods'. The experiment was terminated on day 21, and tumor metastasis into the lung was scored by estimating the percentage surface area covered by metastasis as follows: 0, no metastases and 1, o25%; 2, 25-50%; 3, 50-75%; and 4475% metastasis, represented by individual symbols for each treatment group. Bars ¼ mean metastasis scores for each group. *P ¼ 0.0041, mRANTES(0 h)+hgp100 (24 h) compared with hgp100 alone treatment. All experiments repeated at least twice.
Chemokine use in a gene-based cancer vaccine K Aravindaram et al killing activity than hgp100-alone treatment at 50:1, 25:1, and 12.5:1 cell ratios, but this finding was not observed for mRANTES(0 h)+hgp100(48 h) treatment. We believe that this killing activity may result not only from both CD8 + T cells and NK cells but also from CD4 + T cells because the protective effect of mRANTES(0 h)+ hgp100(24 h) vaccination was completely blocked by the depletion of CD8 + T cells and NK cells and also slightly by CD4 + T-cell depletion ( Figure 3 ). To further characterize the immune responses, we used ELISA to determine the release of cytokines IFN-g, IL-10, TNF-a, and GM-CSF at 48 h after stimulation of splenocytes with MMC-inactivated B16/hgp100 cells. IFN-g secretion with mRANTES(0 h)+hgp100(12 h) (95% CI ¼ 115.1-241.6 pg ml
À1
; P ¼ 0.001), mRANTES(0 h) +hgp100(24 h) (95% CI ¼ 232.6-344 pg ml
; P ¼ 0.0001), and mRANTES(0 h)+hgp100(48 h) (95% CI ¼ 73.52-209.1 pg ml
; P ¼ 0.004) was significantly higher than with hgp100 alone (Figure 5a ). In contrast, IL-10 secretion was lower with mRANTES(0 h)+hgp100(12 h) (95% CI ¼ À17.2 to À6.7 pg ml
; P ¼ 0.003), mRANTES (0 h)+hgp100(24 h) (95% CI ¼ À10.0 to À0.21 pg ml
; P ¼ 0.04), and mRANTES(0 h)+hgp100(48 h) (CI ¼ À8.8 to À0.52 pg ml
; P ¼ 0.03) than with hgp100 alone ( Figure  5b ). Two other important cytokines, TNF-a and GM-SCF, were also secreted in lager amounts with combinational treatment than with hgp100 alone. Secretion of the pro-inflammatory cytokine TNF-a was significantly higher with mRANTES(0 h)+hgp100 (24 h ; Po0.0001) produced higher GM-CSF secretion than with hgp100 alone (Figure 5d ). Thus, the times of application of hgp100 after mRANTES gene transfection were critically important for the enhanced hgp100-specific cell-mediated immunity.
Immunohistochemical analysis of immune cell migration in mouse skin
We examined the migration of CD4 + , CD8 + , NK-1.1, and CD11c-expressing immune cells to the vaccination site 24 h after vaccination with RANTES or empty vector transgenes. Immunohistochemical analysis of mouse skin showed that RANTES treatment recruited significant numbers of various immune cells compared with empty vector-treated or normal mice ( Figure 6 ). Migration of immune cells was also observed at 12 and 48 h post treatment with RANTES, but less than at 24 h (data not shown).
Involvement of TRAIL and FasL in the antitumor effect
Tumor cells were incubated with an mTRAIL genetransfected cell line (mTRAIL-2PK3) and an mFasL genetransfected cell line (mFasL-L5178Y) in a DELFIA EuTDA cytotoxicity assay. B16/hgp100 cells were quite resistant, but fibrosarcoma L929 cells were highly sensitive to mTRAIL and mFasL in vitro (Figure 7a ). However, CTL activity of the immune splenocytes was substantially reduced when neutralizing anti-mTRAIL and anti-mFasL mAbs were added to the cytotoxicity assay. All effector cells from both vaccinated and empty vector-treated mice showed decreased CTL activity in Figure 3 Determination of immune cell subsets responsible for the protective immunity induced by DNA vaccination with mRANTEShgp100 vectors. C57BL/6 mice (n ¼ 7) were immunized as described in 'Materials and methods' and inoculated with B16/hgp100 cells (10 5 /mice) 1 week after immunization. Anti-CD4 (GK1.5), -CD8 (53-6.7), and -NK1.1 (PK136) antibodies were intraperitoneally injected as described in 'Materials and methods'. Specific depletion of CD4 or CD8 T-cell subset and NK cells was monitored by flow cytometry, which showed 490% depletion of splenocytes at the time of immunization or tumor challenge. P ¼ 0.002 for rat IgG compared with anti-CD4; Po0.0001 for rat IgG compared with control, anti-CD8, and anti-NK1.1. Experiments repeated at least twice. w P ¼ 0.01; **P ¼ 0.0003; z P ¼ 0.02, as compared with hgp100 alone. (R, RANTES; hgp, hgp100). (b) Generation of tumor-specific cytotoxic T lymphocytes against B16/hgp100 (target) cells. Fresh splenocytes obtained from mice vaccinated with mRANTES+hgp100 or control mice 2 weeks after the last immunization were used as effector cells in a nonradioactive DELFIA EuTDA cytotoxicity assay. Splenocytes were tested against target cells at the indicated effector:target ratios, and results are expressed as percent cytotoxicity. Data are means with upper 95% confidence intervals of three independent experiments for each treatment.
Chemokine use in a gene-based cancer vaccine K Aravindaram et al B16/hgp100 cells, which indicates that mTRAIL and mFasL are important in CTL activity in B16/hgp100 tumor cells (Figure 7b ). To determine the role of mTRAIL and mFasL in vivo, we administered neutralizing anti-mTRAIL and anti-mFasL mAbs to mRAN-TES(0 h)+hgp100(24 h) vaccinated mice. As expected, the mAb-treated group survived for a long time, but the protective effect of the mRANTES(0 h)+hgp100(24 h) vaccination was abolished by anti-mTRAIL or antimFasL mAb (Figure 7c ). Interestingly, B16/hgp100 cells pretreated with GM-CSF and TNF-a were highly susceptible to mTRAIL and mFasL (Figure 7d ). In addition to their combination, individual pre-treatment with GM-CSF or TNF-a in B16/hgp100 cells also produced susceptibility to mTRAIL and mFasL (data not shown). mFasL/L5178Y had a higher cytotoxic effect (95% CI ¼ À25.8 to À16.8%; P ¼ 0.0002) than mTRAIL/ 2PK-3, whereas the combination of mTRAIL and mFasL transfectants gave a significantly higher cytotoxic effect (95% CI ¼ À20.4% to À10.8%; P ¼ 0.0008) than mFasL/ L5178Y. The addition of anti-mTRAIL and anti-mFasL mAbs completely abolished the cytotoxicity. These results suggest that the B16/hgp100 melanoma cells were sensitized to mFasL-and mTRAIL-mediated cytotoxicity by effector T-cell-derived cytokines such as TNF-a and GM-CSF.
Discussion
Currently, a key experimental cancer therapy approach is to stimulate tumor-specific immunity by means of the potent antigen-presenting capacity of DCs to T cells, which results in very strong cytotoxicity against tumor cells. In this study, we investigated the effect of different time periods of application of the adjuvant mRANTES in gene-based cancer vaccination with hgp100, to enhance tumor-specific immunity by prime-boost vaccinations with an MVA vector system. Various studies have shown that the RANTES chemokine recruits Th 1 -type T cells, and has a major function in the attraction of immature DCs and NK cells in vitro and in vivo. 16, 25, 26 In this study, we observed the migration of immature DCs and both CD4 + and CD8 + T cells stimulated by mRANTES in vitro (Figure 1c) , which suggested that application of mRANTES gene before hgp100 vaccination at the same site might facilitate the induction of hgp100-specific immune response by migration of both DCs as antigen-presenting cells and T cells as responder cells.
In our subcutaneous tumor model, we found a significant reduction in tumor growth with mRANTES priming, which varied depending on whether it was applied before or after the hgp100 cDNA vaccine.
Compared with the other treatments tested, mRAN-TES(0 h)+hgp100(24 h) gave the best tumor suppression and prolonged survival in test mice, whereas mRANTES applied 12 h or 48 h before hgp100 vaccination showed less but still significant tumor suppression than mRANTES applied at the same time or after hgp100 cDNA vaccination. The possibilities that DCs, T cells, and NK cells may be recruited to the vaccination site to participate in antitumor immunities may warrant future investigations. Several studies have earlier shown that introduction of a single chemokine, such as CCL1, CCL2 Chemokine -1 (MCP-1) ), CCL3 (macrophage inflammatory protein-1a (MIP-1a)), RANTES, CCL16 (human b CC chemokine 4 (HCC-4)), CCL19 (MIP-3b), CCL20 (MIP-3a), CCL21 (6Ckine), or a combination thereof, can effectively induce tumor regression and immunity to subsequent tumor challenge. [27] [28] [29] [30] [31] As well, other reports have shown a combination of chemokine(s) with cytokine(s) or TAA to be effective in tumor regression. 13, 28, 30, 32 In our current metastasis model, the application of mRANTES(0 h)+hgp100(24 h) was the most effective in reducing lung metastasis.
The antitumor effect was highly dependent on CD8 + T cells and NK cells but also required the participation of CD4 + T cells. Earlier studies have shown that different chemokines may act on different immune cell subsets; for example, CCL21 acts on CD4 + and CD8 + T cells 30 or NK cells, 31 and CCL19 mediates its effect through CD4 + T cells and NK cells. 29 Recent studies have shown that CD4 + and CD8 + T cells are essential for induction of tumor-specific immunity in cancer vaccine approaches. 33, 34 In our present vaccine strategy, we showed high CTL activity against B16/ hgp100 melanoma, results that are consistent with those of other immunotherapeutic studies testing CCL21 in lung cancer 33 or MIP-1a in B16 melanoma. 35 On in vitro stimulation of splenocytes with MMC-inactivated B16/ hgp100 melanoma cells, vaccinated groups showed higher levels of IFN-g, TNF-a, and GM-CSF and lower levels of IL-10 than the empty vector group. These results suggest that the immune response driven by the mRANTES+hgp100 gene vaccination may be mediated by Th 1 cells producing IFN-g, TNF-a, and GM-CSF and a concomitant decrease in IL-10 levels (Th 2 ). Earlier studies have shown that produc- Involvement of mTRAIL and mFasL in CTL activity in B16/hgp100 melanoma cells. Two weeks after immunization, splenocytes collected from vaccinated (mRAN-TES(0 h)+hgp100(24 h)) or control mice were blocked with anti-mTRAIL and/or anti-mFasL at 10 mg ml À1 and underwent nonradioactive DELFIA EuTDA cytotoxicity assay against B16/hgp100 target cells at an effector:target ratio of 50.
w P ¼ 0.003; *P ¼ 0. U P ¼ 0.008 compared with data for rat IgG (control). Data are means with upper 95% confidence intervals. Similar results were obtained from two independent experiments. (c) Importance of mTRAIL and mFasL in the anti-tumor effect elicited by the mRANTES-hgp100 combinational vaccination (mRANTES(0 h)+hgp100(24 h)) therapy in B16/hgp100 melanoma cells. C57BL/6 mice with a B16/hgp100 tumor were vaccinated, and also received anti-mTRAIL or antimFasL mAb, or both, or control rat IgG intraperitoneally (250 mg each mAb/injection/mouse) at day 0, 5, 10, and 15 after tumor inoculation. Survival of mice was monitored for up to 60 days after tumor inoculation. P ¼ 0.0007 anti-mTRAIL compared with rat IgG; Po0.0001 control, anti-mFasL, and anti-mTRAIL+anti-mFasL compared with rat IgG. The experiments were repeated at least twice. (d) Lysis of B16/hgp100 cells by mTRAIL and mFasL after in vitro treatment with cytokines. B16/hgp100 cells were pre-treated overnight with GM-CSF and TNF-a at 10 ng ml À1 each. Cells were Eu-labeled, and the effector cell lines 2PK-3, L5178Y, mTRAIL/2PK-3, and/or mFasL/L5178Y were added at an effector:target ratio of 20. Data are means with upper 95% confidence intervals. Chemokine use in a gene-based cancer vaccine K Aravindaram et al tion of these cytokines in vivo is responsible for antitumor activities. 13, 33, 34, 36, 37 A significant number of immune cells, including CD4 + , CD8 + , NK-1.1, and CD11c, were found to migrate to the vaccination site of mouse skin in response to RANTES transgene delivery ( Figure 6 ). The recruitment of these immune cells was specific to gene transfection with RANTES, because such infiltration was absolutely not observed in the empty vector-treated mice or normal (untreated) mice. This finding was in line with several earlier reports, showing that chemokines actively attract immune cells. 13, 30, 31 As well, we found that the antitumor effect induced by the mRANTES(0 h)+hgp100(24 h) vaccination involved the TRAIL and FasL signaling pathways to mediate tumor cell death in vivo. However, we could not show this effect in vitro in the absence of TNF-a and GM-CSF. B16/hgp100 melanoma cells were resistant to TRAIL and FasL in vitro but sensitized to TRAIL-and FasL-mediated cell death on exposure to TNF-a and GM-CSF. In vitro Chemokine use in a gene-based cancer vaccine K Aravindaram et al block of effector splenocytes from vaccinated mice using anti-mTRAIL and anti-mFasL mAb significantly reduced CTL activity, which indicates that the CTL responses were mediated at least in part by the TRAIL and FasL signaling pathways. In vivo administration of neutralizing anti-mTRAIL and anti-mFasL mAbs clearly showed the critical involvement of both TRAIL and FasL in the protective immunity induced by mRANTES (0 h)+hgp100(24 h) vaccination. These results suggest that B16/hgp100 cells were sensitized to TRAIL-and FasL-mediated cell death by effector T-cell-derived cytokines such as TNF-a and GM-CSF in vivo. Our current findings are consistent with those from Renca cells showing increased sensitivity to TRAIL and FasL in response to IFN-g and TNF-a, 38 and support our earlier studies of a GM-CSF-enhanced antitumor effect. 10 Further studies of the GM-CSF and TNF-a effect on B16/hgp100 melanoma would be important for identifying new master molecules regulating the TRAIL and FasL sensitivity of tumor cells.
In conclusion, our current study clearly shows that the correctly timed pre-application of mRANTES gene as an adjuvant in a hgp100 TAA gene vaccination regimen can confer strong antitumor immune responses against B16/ hgp100 melanoma, by effectively inducing and priming immune cell reactions. Such a combination may hence have useful applications for future clinical treatment of patients with melanoma as an alternative to the use of DC-based tumor vaccines, which are complex and costly ex vivo tissue-culture manipulations of patient cells.
Materials and methods
Animals
Female C57BL/6JNarl mice (6-8-weeks old) were purchased from the National Laboratory Animal Breeding and Research Center, Taipei, Taiwan. All mice were maintained in a laminar airflow cabinet in a room kept at 24 ± 2 1C temperature and 40-70% humidity with a 12 h light/dark cycle under specific pathogen-free conditions. All facilities were approved by the Academia Sinica Institutional Animal Care and Utilization Committee, and all animal experiments were conducted under the institutional guidelines established for the Animal Core Facility at Academia Sinica, Taipei.
Cell lines
The mouse B16F10 (B16) melanoma and hamster fibroblast BHK21 cell lines were obtained from American Type Culture Collection (ATCC; Manassas, VA, USA). Tumor cell cultures were maintained in Dulbecco's modified Eagle's medium with 1.5 g l À1 sodium bicarbonate, 10% fetal bovine serum, 100 mg ml À1 streptomycin and penicillin, and 2 mM L-glutamine. Mouse B-lymphoma 2PK-3 and T-lymphoma L5178Y lines were obtained from ATCC and cultured in RPMI 1640 containing 10% fetal bovine serum, 50 mM 2-mercaptoethanol, 100 mg ml À1 streptomycin and penicillin, and 2 mM L-glutamine. The 2PK-3 transfectant mTRAIL/2PK-3 and L5178Y transfectant mFasL/L5178Y stably expressing mTRAIL and mFasL, respectively, were generated as described earlier. 24 Construction of cDNA expression vector, stable transfection, and transgene studies For B16 cell transfection, a cDNA vector construct pNASS/CMV-hgp100 was generated by inserting the hgp100 cDNA fragment, excised from the pWRG1644 vector, into the pNASS/CMV-neo vector. 39 B16 cells stably transfected with this hgp100 cDNA vector, designated as B16/hgp100, were obtained as reported earlier. 10 For vaccine studies, the hgp100 expression plasmid pWRG1644 was constructed by ligating a BamHI/XhoI DNA fragment from pCRII-hgp100 (kindly provided by Dr Nicholas Restifo, National Cancer Institute, Bethesda, MD, USA) into the mammalian expression vector pWRG7077 (PowderJect Vaccines, Madison, WI, USA). pWRG1644 contains a kanamycin resistance gene from Tn903, a human cytomegalovirus immediate-early enhancer/promoter, an intron A, the coding sequence for hgp100, and a bovine growth hormone polyadenylation sequence. 40 The plasmid, pIBSY1, was constructed by cloning a 74-bp DNA fragment coding for the murine IgGk-chain leader sequence into the EcoRI-BamHI site of the pIBSY1 vector. The double-stranded 74-bp DNA fragment was obtained by annealing two synthetic oligodeoxynucleotides: IgkLf, 5 0 -GGCCATGGAGACAGACACACTCCTGCTATGGGT ACTGCTGCTCTGGGTTCCAGGTTCCACTGGTGACG CGGCCG-3 0 , and IgkLr, 5 0 -AATTCGGCCGCGTCACCA GTGGAACCTGG AACCCAGAGCAGCAGTACCCATA GCAGGAGTGTGTCTGTCTCCAT-3 0 . All plasmid constructs were fully sequenced, and their authenticity was confirmed. The pORF9-mRANTES mammalian expression vector was purchased from Invivogen (San Diego, CA, USA) and constructed by ligating at BglII/NheI downstream of an elongation factor (EF-1a) promoter and 5 0 -untranslated region of human T-cell leukemia virus hybrid promoter upstream of a simian virus 40 late polyadenylation signal (SV40 polyA), pMB1 Ori, and an ampicillin resistance gene. For DNA immunization, each DNA plasmid was amplified in Escherichia coli strain XL10-Gold (Stratagene, La Jolla, CA, USA) and purified with an Endofree Plasmid Giga kit (Qiagen, Valencia, CA, USA). Purity of DNA preparations was determined by optical density readings at 260 and 280 nm. Transgene expression of hgp100 in vivo was tested by bombardment of plasmid cDNA on mouse abdominal skin, using a Helios (Bio-Rad, Hercules, CA, USA) helium-pulse gene gun with slight modifications as described earlier. 40 At different time intervals, mice were killed; RNA was extracted (RNA treated with DNase I) from transfected mouse abdominal skin for RT-PCR.
Recombinant MVA construction
The hgp100 and mRANTES cDNA were amplified from the above-mentioned mammalian plasmid vectors and subcloned into the SalI-PstI site of the pLW44 transfer vector (kindly provided by Dr Bernard Moss, NIH, Bethesda, MD, USA), bringing it under the control of a vaccinia virus-modified H5 early-late promoter. 41 The Igk leader sequence was subcloned into the SmaI-SalI site of pLW44 for secretion of the transgene product. The correct sequences of the hgp100 and mRANTES cDNA inserts were again confirmed by sequencing, and recombinant MVA was made by transfecting transfer plasmids into BHK-21 cells infected Preparation of mouse DC and T cells
Mouse DCs were generated as described earlier, 43 with slight modifications. To induce DC maturation, some DCs were cultured in the presence of 1 mg ml À1 of lipopolysaccharide (Sigma, St Louis, MO, USA) for 24 h in six-well plates. Twenty-four hours later the mature and immature DCs were collected and tested for cellsurface markers by flow cytometry and finally used for cell migration assay. Spleen cell were labeled with anti-CD4 or anti-CD8 magnetic beads and separated on magnetic separation MACS columns (Miltenyi Biotec, Bergisch Gladbach, Germany). 44 Flow cytometry showed eluted cell populations of 95% CD4 + and 97% CD8 + (data not shown), and cell samples underwent chemotaxis assay.
Chemotaxis assay
Briefly, HEK293 cells were transfected with RANTES cDNA using Helios helium-pulse gene gun with slight modifications as we described earlier, 39 and 48 h later, medium was collected for chemotaxis assay. DC and T-cell migration activities were analyzed by a transwell system containing polycarbonate membranes with a pore size of 5 or 3 mm (Costar, Corning, NY, USA) as described earlier. 45, 46 Gene-based immunization and challenge of mice with tumor cells Primary tumor model: C57BL/6 mice were divided into eight experimental groups (eight mice/group), and injected with mRANTES and hgp100 plasmid (3 mg each/mice) by use of a Bio-Rad Helios gene-gun delivery system as described above. 10, 40 The eight treatments were (i) mRANTES only, (ii) mRANTES (0 h) followed 12 h later with hgp100 DNA at the same vaccination site, (iii) mRANTES followed 24 h later with hgp100, (iv) mRANTES followed 48 h later with hgp100, (v) mRANTES immediately followed with hgp100, (vi) hgp100 followed 24 h later with mRANTES, (vii) hgp100 only, and (viii) empty vector DNA only. The above eight vaccination sets were used to treat test mice at the first week for priming, and were followed on weeks 3 and 5 with a booster intraperitoneal injection of the MVA-mRANTES and MVA-hgp100 vectors each (10 7 p.f.u./100 ml/mice). The B16/hgp100 tumor cells for challenge were collected at 80% confluency, washed in PBS, centrifuged (2500 g for 5 min), resuspended in Hanks' balanced salt solution (Life Technologies, Rockville, MD, USA), and injected subcutaneously (10 5 cells/ 100 ml/mouse) into the right flank of mice at 2 weeks post the second boosting with MVA-hgp100 (prophylactic model). Injected mice were examined twice weekly for tumor appearance, and tumor volumes were determined from the length (a) and width (b) of test tumors, as measured in a blinded manner by calipers, by the formula V ¼ab 2 /2; survival time of mice was also observed. 47 Metastasis model: C57BL/6 mice divided into eight experimental sets (eight mice/group) depending on treatment were injected intravenously with B16/ hgp100 tumor cells (10 5 cells/100 ml/mouse) on day 0 and then first vaccination at 5 days post tumor cell injection (therapeutic model), and then mice were boosted twice at 5 day intervals. The experiment was terminated on day 21 to observe tumor metastasis into the lung in a blinded manner.
In vivo depletion of immune cell subsets C57BL/6 mice (n ¼ 7) were immunized by mRANTES gene transfection, and 24 h later vaccination was followed by hgp100 gene delivery at same skin tissue site, then test mice received an intraperitoneal boost on weeks 3 and 5 by transfection with MVA-mRANTES and MVAhgp100 vectors (10 7 p.f.u./ml). One week after the complete gene immunization, right flanks of mice were subcutaneously inoculated with B16/hgp100 tumor cells (10 5 , and anti-NK-1.1 (data not shown). Survival of mice was observed up to 60 days after tumor challenge.
IFN-g ELISPOT assay
Human gp100-specific IFN-g-secreting spleen cells from test mice were enumerated by ELISPOT assay (R&D Systems, MN, USA), essentially as described earlier 48 with slight modifications. Briefly, nitrocellulose-backed plates (96-well, MAHA S45; Millipore, MA, USA) were coated with murine IFN-g-specific Ab R4 (BD PharMingen, San Jose, CA, USA) overnight at 4 1C. The wells were washed five times with PBS and blocked using RPMI 1640 supplemented with 10% fetal bovine serum at 25 1C for 2 h. Freshly isolated splenocytes (1 Â 10 5 cells) and MMC-treated B16/hgp100 cells were then added into the wells and incubated for 24 h at 37 1C in 5% CO 2 . The splenocytes without the MMC-treated B16/hgp100 cells were incubated as a negative control. IFN-g spots were counted with use of an immunospot analyzer and confirmed by the computerbased Immunospot software (Cellular Technology, OH, USA). Data in all wells were averaged and normalized by comparing the ratio of antigen-specific spots to negative control spots.
Assay for CTL activity
To show that tumor-specific CTLs had been generated in the immunized or control mice (n ¼ 3), splenocytes were collected 2 weeks after the last immunization and used as effector cells. Target cells (B16/hgp100) were Eulabeled, and nonradioactive DELFIA EuTDA cytotoxicity assay was performed as described. 49 Briefly, B16/hgp100 tumor cells were collected, washed once, and labeled with DELFIA BATDA reagent (DELFIA, Perkin Elmer, MA, USA) for 30 min at 37 1C. After a further three washes, 5 Â 10 3 targets (per well) were incubated with effector splenocytes at the indicated ratios of effector to target in 96-well, flat-bottom plates (DELFIA) for 2 h at 37 1C. The proportion of specific lysis was calculated as Chemokine use in a gene-based cancer vaccine K Aravindaram et al 100 Â (experimental release (counts)-spontaneous release (counts))/[maximum release (counts)Àspontaneous release (counts)).
ELISA for cytokine release
Splenocytes derived from immunized or control mice (n ¼ 3) 2 weeks after the second boosting were collected and washed three times with PBS. Then, splenocytes (2 Â 10 6 cells/ml) were stimulated with MMC-treated B16/hgp100 cells at a 10:1 ratio. Culture supernatants were collected after 48 h and assayed for IFN-g, IL-10, TNF-a, and GM-CSF. The level of cytokines was determined by use of ELISA kits (R&D Systems, MA, USA).
Immunohistochemical analysis
Rat antimouse CD4 and rat antimouse CD8 were purchased from BD Pharmingen. Antimouse NK-1.1 and antimouse CD11c were purchased from BioLegend. Before antibody staining, cryostat sections (5-7 mm) were placed on glass slides, air-dried, and fixed in 4% paraformaldehyde/PBS for 10 min. Slides were sequentially incubated with diluted primary Ab overnight at 4 1C and Ab were detected using IHC Select immunoperoxidase secondary detection system (Chemicon, Temecula, CA, USA).
In vivo treatment with anti-mTRAIL and anti-mFasL
Neutralizing anti-mTRAIL (N2B2) and anti-mFasL (MFL1) were prepared as described earlier. 24 For in vivo blocking of mTRAIL and mFasL, some immunized mice received anti-mTRAIL mAb or anti-mFasL mAb, or both, or control (rat IgG) intraperitoneally at 250 mg each mAb/injection/mouse on days 0, 5, 10, and 15 after tumor inoculation.
Sensitivity of B16/hgp100 cells to TRAIL and FasL
A standard nonradioactive DELFIA EuTDA cytotoxicity assay was performed as described above. Briefly, B16/ hgp100 target cells were labeled with DELFIA BATDA reagent for 30 min at 37 1C. In some experiments, B16/ hgp100 cells were incubated overnight with or without GM-CSF and/or TNF-a (10 ng ml À1 each) before Eulabeling. After a washing, 5 Â 10 3 target cells (per well) were incubated with mTRAIL/2PK-3, mFasL/L5178Y, 2PK-3, or L5178Y cells (functioning as effector cells) in 96-well, flat-bottom plates at a ratio of 20. TRAIL and FasL-sensitive murine fibrosarcoma L929 cells were used as a positive control. In some experiments, effector cells from the immunized (mRANTES(0 h)+hgp100(24 h) regimen) or control mice were used to determine the involvement of TRAIL and FasL in cytotoxic activity in B16/hgp100 cells. Anti-mTRAIL and/or anti-mFasL mAbs were added to a final concentration of 10 mg ml À1 at the start of the cytotoxicity assay.
Statistical analysis
Data are presented as means with 95% confidence intervals (CI) of at least three experiments. Statistical analyses were carried out with GraphPad Prism 4.0 (San Diego, CA, USA). Groups were compared by Student's t-test. Differences in survival time were evaluated by a log-rank test of the Kaplan-Meier survival curves. All statistical tests were two-sided.
P-values less than 0.05 were considered statistically significant.
